We study the dynamics of the phase pulses of laser radiation with two resonant frequency components propagating in an atomic three-level Λ type medium under coherent population trapping. Using the density matrix adiabatic approach we show that the effect of a very large slowing down occurs not only for amplitude pulses, but also for phase pulses. The group velocity of phase pulses can be controlled by the amplitudes of resonant fields. The analytical solution describing the mutual influence of the phase modulation of one field component on another is obtained.
Introduction
A great number of theoretical and experimental works have been devoted to the problem of optical pulse propagation in electromagnetically induced transparency (EIT) and electromagnetically induced absorption media [1] [2] [3] [4] [5] [6] . At the same time, in the overwhelming majority of these studies, the amplitude modulation of light was considered. It was shown that the group velocity of amplitude pulses propagating in resonant media can be controlled and can take values much smaller than the speed of light in free space c ('slow light') [7] [8] [9] as well as exceeding c or becoming negative ('fast light') [10] [11] [12] [13] [14] [15] [16] . However, along with the amplitude, the inherent parameter of the electromagnetic wave is its phase, which, similarly to the amplitude, can be modulated in a pulse form. In particular, the phase modulation is used in so-called 'chirped' pulses. Therefore, naturally, the question arises, which is important for both fundamental and applied nonlinear optics, as to whether the effects of deceleration/ acceleration occur for the phase pulses or not.
In this paper, using the example of the Λ system, we investigate the space-time evolution of the phase pulses propagating under EIT conditions. We establish that the medium has a strong influence on the dynamics of the phase pulses. We show that the pulse modulation of the field phase is divided in the medium, into two fractions, one of them travels at the speed of light in a vacuum and the other moves with significant deceleration.
Problem formulation and basic equations
Consider the propagation of a two-frequency field
( , ) e c.c.,
through an ensemble of three-level atoms with the energy level structure of the Λ type (see figure 1) , where ∼ E j is the slowly The atomic medium is assumed to be sufficiently rarefied so as to allow us to neglect the effects of atomic interaction. For simplicity, we use the model of motionless atoms. For atomic gas such a model is adequate when the collision broadening of optical transitions by buffer gas exceeds the Doppler line width. In this case, the atomic density matrix ρ satisfies the operator equation:̂̂ρ
where Ĥ 0 is the Hamiltonian of an unperturbed atom;
is the operator for the atom-field interaction (dˆ is the electric dipole moment operator); and Γ ρ { } sp̂ is the operator describing spontaneous relaxation. In the rotating-wave approximation the operator V has the form
where d 31 and d 32 are the matrix elements of the operator d̂. We factor out the rapid oscillations in the off-diagonal elements of the density matrix ρ
and define the new matrix ρ ∼ as follows
Then from equation (2) and taking into account (4) we obtain the system of equations for the elements of matrix ρ ∼̂ : (6) supplemented by the normalization condition
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In equation (6) the following notations are used: γ is the constant of spontaneous relaxation of the excited level, γ 0 is the decay rate of the optical coherences, δ j = (ω j − ω 3j ) is the detuning of the j-field frequency from the frequency of the corresponding resonant transition and R 1,2 are the complex Rabi frequencies: 
The system of the equations (6) can be written in the symbolic form
where ρ ∼L { } is the linear functional operator. The dynamics of the two-frequency field (1) in the atomic medium are described by the reduced Maxwell equations for complex amplitudes
23 32 (11) where N a is the atom density. Let us now introduce a parametrization of the complex amplitudes ∼ E 1,2 in terms of real amplitudes A 1,2 and phases α 1,2 :
Then from the complex equations (10), (11) we obtain a system of equations for the real field parameters: The two lower energy levels | 1〉 and | 2〉 are usually either the Zeeman (magnetic) sublevels of the same energy level or the hyperfine structure components. Therefore, in equations (13)- (16) we assume ω 1 ≈ ω 2 ≡ ω. We then try a solution of the system (6) for the density matrix using the adiabatic approach, which is described in detail in our article [17] . The essence of this method consists on the condition that the variation of the time scale τ of the bichromatic field parameters is much greater than the settling time of the atomic steady state (over the low levels).
The solution of equation (9) is found in the form of an expansion in series of the time derivative ∂/∂t:
̂̂̂̂̂ (18) with the normalization
In this work we confine ourselves only to the zero and firstorder (with respect to ∂/∂t) terms in the expansion (18):
(1) ( 0)̂̂ (21) Consider the propagation of light pulses under the exact twophoton resonance condition, i.e. δ 1 = δ 2 . In this case the matrix ρ ∼ (0) is determined by the so-called dark state | dark〉:
which represents a coherent superposition of the lower states [18] :
The solution of equations (20), (21) for optical coherences ρ ∼ 31 and ρ ∼ 32 has the following form , ρ ∼ 32 (1) the spontaneous relaxation rate γ and the decay rate of the optical coherences γ 0 are absent, despite the fact that they are contained in equations (20) and (21). This is caused by the fact that in the absence of the decoherence of lower states the atoms do not populate the excited state | 3〉. The parameters γ and γ 0 enter in an explicit form into formulas for the density matrix, starting with the second-order term ρ ∼ (2) . Substituting the expressions (24)-(26) in the equations (13)- (16) for the field parameters, we obtain the following system 
. 
In the equations (27) the amplitudes A 1 and A 2 as well as the phases α 1 and α 2 are 'entangled' with each other, which complicates the analysis of pulse propagation features. To simplify these equations we define new parameters: 
The collection of quantities {A, ϵ, ϕ, α} represents an analog of parametrization for an elliptically polarized wave (see figure 2 ):
c.c.,
where e is the unit complex polarization vector, which in the spherical basis 1 (31) The physical meaning of the introduced parameters is the following: A 2 is directly proportional to the total intensity of resonant waves; ε represents some efficient ellipticity, i.e. it shows a ratio between the amplitudes A 1 and A 2 ; the halfdifference of phases ϕ corresponds to the spatial orientation angle of the field polarization ellipse ϕ′ (see figure 2) ; and the half-sum of phases α corresponds to the common field phase α′. The backward transformation to {A 1 , A 2 , α 1 , α 2 } is carried out by the formulas: 
In the parametrization (29) the equations (27) take the following simple form
